An unprecedented number of clinical trials are under way that are exploring the clinical utility of immune checkpoint blockade in glioblastoma (GBM), spurred by the recent FDA approvals of immune checkpoint inhibitors in other advanced cancers. [1] [2] [3] [4] [5] [6] When immune checkpoint inhibitors were initially investigated in clinical trials, tumor expression of programmed cell death protein 1 (PD-1) and PD ligand 1 (PD-L1) was presumed to be associated with 
clinical response. 7 As the field of biomarkers evolved, focus shifted to assessments of tumor mutational load (TML), which is associated with the abundance of neoantigens 8, 9 and increased immunogenicity. 10 The techniques and cut points for defining TML in glioma have not been harmonized; thus, other easier-to-measure indices have been proposed, such as determining mutations in the exonuclease domain of polymerase epsilon (POLE), which leads to hypermutations and neoantigen load. 11 In metastatic urothelial carcinoma, hypermutation of more than 12 mutations per megabase was a significant indicator of response to immune checkpoint inhibition. 12 Similarly in colorectal cancer, tumors with a mutational load of ≥17 mutations per megabase may be hypermutated (unpublished data), which may be a potential indicator of immunotherapy response. However, it is likely that the cut points for TML response to immune checkpoint therapeutics will vary among cancer types. 9, 13, 14 Several early-stage clinical trials of immune checkpoint inhibitors have demonstrated that defective mismatch repair (MMR) is associated with clinical responses to immune checkpoint inhibitors. 13, 15, 16 Treatment with nivolumab (a PD-1 immune checkpoint inhibitor) resulted in significant clinical and radiographic responses in a recent study of 2 siblings diagnosed with recurrent multifocal biallelic MMR-deficiency GBM; both had significantly higher neoantigen loads and hypermutant profiles than did those with sporadic cancers. 16 Even though gliomas have been shown to carry an average TML which is lower than cancer types in which immune checkpoint inhibitors are highly active, 17 GBMs with DNA repair defects may demonstrate a "hypermutator" phenotype 18 that could render them sensitive to immune checkpoint blockade. A hypermutator phenotype has been described in GBM specimens with MSH6 mutations. 19 Hypermutated samples typically harbor mutations in at least one of the MMR genes MLH1, MSH2, MSH6, and PMS2. 20 Several studies have highlighted the higher rate of acquired MMR deficiency during the treatment and recurrence of GBM. 19, 21, 22 For example, exome sequencing of matched initial and recurrent GBM from individual centers and The Cancer Genome Atlas (TCGA) demonstrated that subsets of recurrent tumors harbor somatic mutations in MMR genes. Specifically, approximately 26% of recurrent tumors acquired mutations in MSH6 and demonstrated increased mutational rates. All of these patients received alkylating agents (most commonly temozolomide) as part of their initial treatment, and the resulting mutation pattern is indicative of alkylator-induced mutations in the setting of MMR defects. 19, 21, 22 Taken together, these observations suggest that a small number of newly diagnosed and a larger proportion of recurrent GBM tumors have inherent or acquired MMR defects or the hypermutator phenotype. Depending on the tumor, these MMR defects and the hypermutator phenotype may be present at diagnosis, emerge during initial treatment with radiotherapy and temozolomide, develop at recurrence, and subsequently imply sensitivity to immune checkpoint inhibitor therapy.
It is currently unknown whether PD-1, PD-L1, TML, MMR defects, or POLE mutations are predictive of GBM patient responses to immune checkpoints; this can only be elucidated in the context of a well-designed clinical trial. It is unknown whether all of these biomarkers will need to be assessed to identify a biomarker of response or whether some of them co-associate, thereby reducing the hypersegmentation of the population and simplifying the analysis. In this study, we profiled the frequency of shared biomarker phenotypes in glioma tissue samples. We also hypothesized that TML would be associated with MMR defects and POLE mutations, tumor T-cell influx, and PD-1/ PD-L1 expression as an evolutionary mechanism to help tumors with a high antigen burden to remain undetected by the immune system.
Materials and Methods
All cases were from patients with gliomas and had been submitted worldwide to Caris Life Sciences for genomic analysis between 2009 and 2016. The initial histological diagnosis, based on the World Health Organization (WHO) 2007 classification, was confirmed. This study included 327 consecutive glioma patients with TML data. Immunohistochemistry (IHC) data for PD-1 on tumor-infiltrating lymphocytes (TILs) and for PD-L1 on tumor cells were available for 152 and 295 gliomas, respectively. In addition, IHC and next-generation sequencing (NGS) were used to determine the expression and mutational status of the MMR system (MLH1, MSH2, MSH6, and PMS2) and POLE.
Immunohistochemistry Analysis
An IHC analysis was performed on the entire section of formalin-fixed, paraffin-embedded tumor samples using automated staining techniques. Dilutions and conditions were performed on the basis of package insert instructions; they were optimized and validated and met the standards and requirements of the Clinical Laboratory Improvement Amendments/College of American Pathologists and the International Organization for Standardization. IHC results
Importance of the study
With over a dozen open clinical trials, immune checkpoint inhibitor clinical trials have generated unprecedented enthusiasm. A variety of response biomarkers, such as PD-1/PD-L1 expression, tumor mutational load or burden, and DNA MMR defects, have all been thought to be associated with response. In this analysis, we show that these biomarkers are expressed infrequently in GBM, and without substantial overlap. A comprehensive biomarker analysis will be required to identify the enrichment criteria for advanced-stage clinical trials of these agents.
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were evaluated independently by 6 board-certified pathologists. The primary antibody used against PD-L1 was SP142 (Spring Biosciences). 12 Antibody specificity and lot-to-lot reproducibility were assessed by western blot analysis on tumor cell lysate. The chromogenic reporter 3,3′-diaminobenzidine was used to allow colorimetric visualization of the antibody, yielding a brown stain that could be analyzed with a light microscope. For the SP142 clone, the Rabbit LINKER visualization system (Dako) was used. The staining was regarded as positive if its intensity on the membranes of the tumor cells was >1+ (on a semiquantitative scale of 0-3: 0 for no staining, 1+ for weak cytoplasmic staining, 2+ for moderate membranous staining, and 3+ for strong membranous staining), and the percentage of positively stained cells was >5%. The primary antibody used for PD-1 was MRQ-22 (Ventana), and staining was scored as positive if the number of PD-1+ TILs was >1 cell per high-power field. 23 PD-1 TIL density was evaluated using a hotspot approach. The whole tumor sample was reviewed at low power (4x objective), and the areas of the highest density of TILs in direct contact with malignant tumor cells were enumerated, at a 400x visual field (40x objective × 10x ocular). MMR protein expression was also tested by IHC using antibody clones from Ventana (MLH1: M1; MSH2: G219-1129; MSH6: 44; and PMS2: EPR3947). The complete absence of protein expression (0+ in 100% of cells) was determined as a loss of MMR. The primary antibody used for CD8 was SP57 (Ventana), and the number of CD8+ TILs per high-power field was recorded. After the single field with the highest density of CD8+ cells was identified on a low power 4x scan, CD8+ cells were enumerated in 10 consecutive high-power fields. During the validation process for each IHC, any interpathologist variability was addressed in a scope session with all the pathologists, led by the medical director. In addition, weekly training sessions were held, using randomly selected samples, to help all pathologists reach the same scores.
Next-Generation Sequencing
We performed NGS on genomic DNA isolated from formalin-fixed, paraffin-embedded tumor tissue using the Illumina NextSEQ platform. 22 An Agilent custom-designed SureSelect XT assay was used to enrich 592 whole-gene targets. All variants were detected with >99% confidence. TML was calculated by counting all nonsynonymous missense mutations that had not previously been reported as germline alterations. High TML was defined as more than 20 mutations per 1.4 megabase (Mb); moderate TML was defined as 11-20 mutations per 1.4 Mb; and low TML was defined as 10 or fewer mutations per 1.4 Mb.
Statistical Methods
Fisher's exact test was used to examine the association between the biomarkers of IHC/NGS and binary TML. The Cochran Armitage test 24 was used when TML was evaluated in 3 categories (high, medium, and low). The Wilcoxon rank sum test was used to compare raw TMLs. Spearman's rank correlation test was used to examine the overall association between TML and tumor grade. Because the counts of CD8+ cells were right censored at 200, the log-rank test was used to examine their association with MMR. To adjust for multiple testing and limit the risk of false-positive results, we used the Benjamini-Hochberg procedure to correct the P-values resulting from the Fisher's exact tests for associations with mutations. 25 All reported P-values are 2 sided and corrected for multiple comparisons using the Benjamini-Hochberg procedure or false discovery rate (FDR) correction. P-values <.05 were declared statistically significant. All the analyses were implemented using the statistical software R v3.3.1, with the packages coin v1.0-24 and survival v2.39-4.
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Results

Characteristics of the Analyzed Patient Cohort
This study included 327 consecutive glioma patients with TML data obtained globally. The study cohort included grade IV GBM (n = 198), grade IV gliosarcoma (n = 10), high-grade not otherwise specified (NOS) (n = 16), grade III astrocytoma, grade III oligoastrocytoma, grade III oligodendroglioma (n = 34), grade II astrocytoma, grade II oligoastrocytoma, grade II oligodendroglioma (n = 45), grade I astrocytoma (n = 5), and 19 other types (glioma NOS, ependymoma of various grades, ganglioglioma, oligoastrocytoma NOS, etc.). As expected, there was enrichment of GBM cases in males, and grade was associated with age. Fig. 1A . Among the high TML-expressing gliomas, 40% (6 of 15) were newly diagnosed and 60% (9 of 15) were recurrent. These cases included grade III glioma (n = 4), grade IV GBM and gliosarcoma (n = 8), and high-grade glioma NOS (n = 3). Of the high-TML GBMs, 57% (4 of 7) were newly diagnosed, and the remainder were recurrent. Only high-grade gliomas demonstrated high TML (Fig. 1) . Specifically, 3.5% of GBMs (7 of 198) had high TML and 10% of GBMs (20 of 198) had moderately elevated TML. Including the gliosarcoma cases, 3.8% of grade IV cases (8 of 208) had high TML and 10% (21 of 208) had moderately elevated TML. Spearman's rank correlation was −0.0178 (P = .7481), indicating that TML was independent of glioma grade. No differences were found between TML and age or sex.
High-Grade Gliomas
MMR Protein Expression Loss Corresponds to High TML in GBM
To ascertain whether MMR protein expression is commonly associated with TML, we conducted a subanalysis in the GBM specimens using MMR protein expression data (n = 30). MMR protein expression was evident in the majority of GBM cases, with only 6.7% (2 of 30) demonstrating a complete loss of mutL homolog 1 (MLH1), 10% a loss of mutS homolog 2 (MSH2) (3 of 30), 13.3% (4 of 30) a loss of MSH6, and 6.7% (2 of 30) a loss of postmeiotic segregation increased 2 (PMS2) ( Table 1 , Fig. 2A-D) . A high TML was associated with loss of IHC expression of MLH1 (P = .0345), MSH2 (P = .0099), MSH6 (P = .0022), and PMS2 (P = .0345). Of the 30 GBM cases that were stained for MMR protein expression, 6 showed a high TML; these 6 tumors lost the expression of at least one of the 4 analyzed MMR enzymes (Fig. 2E) . In some instances, the loss of expression of one MMR protein was associated with the loss of another, such as MLH1 with PMS2 (P = .0001) and MSH2 with MSH6 (P < .0001), including within molecularly defined GBM (ie, isocitrate dehydrogenase 1 [IDH1] wild-type only: P = .0023 and P = .001, respectively).
MMR Mutations Are Associated with High TML but Are Rare in Glioma
An association was found between TML and MLH1, MSH2, MSH6, and PMS2 mutations in gliomas (P = .0026, .0026, .0214, and .0315, respectively) ( Fig. 3A-D) , indicating that a high TML is associated with MMR mutations in gliomas. Per statistical methods, the P-value was corrected for multiple comparisons using a stringent FDR correction (Benjamini-Hochberg procedure) to reduce the probability of false positive results. Of the glioma samples analyzed for all 4 mutations in MMR, we found 11 cases with a high TML; 54.5% (6 of 11) of these cases exhibited at least one mutated MMR gene, 18% (2 of 11) carried 2 mutations, and the remainder had no MMR mutation (Fig. 3F ). An association was also found between TML and MLH1, MSH2, and MSH6 mutations specifically in GBM (P = .0011, .0011, and .0011, respectively). We found no mutations of PMS2 among the GBM patients. In many instances, the gliomas with loss of MMR protein expression also demonstrated MMR mutations (MLH1 = 4 cases with loss of protein expression, 3 of them mutated; MSH2 = 5 cases with loss of protein expression, 3 of them mutated; and MSH6 = 6 cases with loss of protein expression, 2 of them mutated), but not all had loss of MMR protein expression, since epigenetic alterations were not accounted for.
We then conducted a secondary analysis to ascertain whether a single genetic mutation from the 592 expanded NGS panel could be used as a surrogate for TML. We analyzed GBM cases with high TML (>20 mutations/1.4 Mb, n = 7) and found that MLH1 (P = .0069, Fisher's exact test for a 2 × 2 table), MSH2 (P = .0069), MSH6 (P = .0069), ATM (P = .0069), and PIK3CA (P = .0262) mutations were statistically significantly associated with a high TML; this significance remained after adjustment when TML was assessed as high, moderate, or low using the Cochran Armitage test.
POLE Mutations in Glioma
The highest TMLs of 327 tumors (229 and 370 mutations/1.4 Mb) were found in 2 tumors (1 GBM and 1 glioma NOS) that exhibited POLE mutations via NGS (Fig. 3E) ; however, this association was not statistically significant after FDR correction, likely due to the small incidence of unevenly distributed POLE mutations found in only the 2 highest TML patients (P = .109; P = .0144 before FDR adjustment), but it implied strong clinical importance for future validation.
TML Is Not Associated with CD8+ T-Cell Influx or PD-1 and PD-L1 Expression
PD-1 staining results were available for 152 cases, and PD-L1 staining results were available for 310 cases. Fiftynine of 152 (38.8%) cases were PD-1 positive and 24 of 310 (7.7%) cases were PD-L1 positive. No association was found between TML and PD-1/PD-L1 expression (P = .7699 and 0.8237, respectively) (Fig. 4A, B) . Of the GBM patients, 43 of 94 patients (45.7%) were PD-1 positive and 19 of 189 patients (10.1%) were PD-L1 positive, findings that are consistent with a prior report. 26 When these GBMs were analyzed for TML, there was no association with PD-1 (P = .7114) or PD-L1 (P = .5103) (Fig. 4C, D) . We then performed a secondary analysis of the gliomas enriched for higher TML, quantified the tumor-infiltrating CD8+ T cells (n = 9 total; IDH1 wild-type gliosarcoma [ were newly diagnosed and 60% (9 of 15) were recurrent. Within the high-TML GBM subset, 57.1% (4 of 7) were newly diagnosed and the remaining were recurrent. °I = grade I glioma, °II = grade II glioma, °III = grade III glioma, °IV = grade IV glioma. Red = newly diagnosed glioma. Blue = recurrent glioma. ns = not significant. Therefore, in gliomas with high or moderate TML, there was no significant correlation with CD8+ T-cell influx. Furthermore, there was no significant relationship found between CD8+ T-cell counts and PD-1/PD-L1 expression (data not shown). The loss of the MSH2/MSH6 pair (P = .0255) was more likely to be associated with high CD8+ TIL counts in tumors.
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Subgroup Analysis of IDH1 Wild-type GBM
To ascertain whether there were any significant differences in the immunobiological characteristics of IDH1 wild-type (n = 182) and mutated (n = 16) GBM (Table 1) , we compared TMLs and found that 5 of 182 (2.7%) IDH1 wild-type GBM patients had high TML versus 2 of 16 (12.5%) IDH1 mutated GBM patients (P = .1014) (Fig. 5A) . However, PD-1+ T cells were almost exclusively identified in IDH1 wild-type GBMs, 
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and this was not associated with TML (P = .5966). None of the high-TML IDH1 wild-type GBMs demonstrated PD-1+ T cell influx (Fig. 5B) . Furthermore, PD-L1 expression was predominantly detected in IDH1 wild-type tumors and was not associated with high TML (P = .5403) (Fig. 5C ).
Discussion
Currently, there are an unprecedented number of clinical trials evaluating the effects of immune checkpoint inhibitors in GBM. Preliminary clinical trial experience indicates that only a select subset of these patients may experience a response. [27] [28] [29] [30] [31] Several candidate biomarkers that may enrich for patient populations that respond to immune checkpoint inhibitors have been proposed in other oncological indications. However, it is unclear whether these are operational in GBM and if so, to what extent. It is possible that several of these candidate biomarkers co-associate; thus, a correlation assessment to clinical response could be streamlined and prioritized for these trials.
In this comprehensive biomarker analysis from patients worldwide, although we found an association between high TML and loss of MMR protein expression, we found no statistically significant association among TML, influx of Fig. 3 MMR mutations do not correspond to TML in glioma. Mutations in MMR and POLE were analyzed by NGS. An association was found between TML and the occurrence of (A) MLH1 mutation, (B) MSH2 mutation, (C) MSH6 mutation, (D) PMS2 mutations, and (E) POLE mutations (P = .109; P = .0144 before FDR adjustment). (F) Of the samples analyzed for mutations in the 4 MMR enzymes, 11 showed high TML; 54.5% (6 of 11) were mutated in at least 1 MMR, and 18% (2 of 11) were mutated in at least 2 MMR. ns = not significant. cytotoxic CD8+ T cells, and immune checkpoint expression. These results strongly indicate that all of these biomarkers will need to be interrogated in the context of the aforementioned clinical trials to identify those that are associated with response. A high TML usually results in more tumor antigens and neoantigens, which leads to increased immunogenicity and presumably increased CD8 antitumor reactivity. However, in gliomas with high or moderate TML, there was no significant association with CD8+ T-cell influx. This may be secondary to the convention of sampling immune cells from within the tumor as opposed to the infiltrating invasive edge where they may predominate, or it may be due to immunosuppressive mechanisms that are operational in GBM, including those that induce T-cell apoptosis and that are not related to immune checkpoints.
Moreover, we evaluated the CD8+ T-cell count in only 9 tumors with mostly high and moderate TML, which is a limitation.
In this study, TML was not significantly associated with age or tumor grade. In a recent study of the glioma dataset of TCGA, tumor grade was associated with TML, as grade IV gliomas had significantly higher mutational burden (average number of nonsilent mutations = 57) than grade III (32.4) or grade II gliomas (20.6). 32 Older age was also associated with a higher TML in the entire TCGA dataset and among histologically and molecularly defined glioma subtypes (n = 542). In our study, TML was higher overall in grade III and grade IV gliomas than in lower-grade histological types. Moreover, the 2 patients with the highest TML (370 and 229 mutations/1.4 Mb) were quite young 
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(7 and 15 years of age, respectively); however, it must be noted that these patients also had POLE mutations, which may confound the results. In our study, the majority of cases were GBM (n = 198), and only a few were grade III (n = 23) or grade II (n = 19); interestingly, although there were more GBM cases in our dataset, the proportions of high TML were similar in both grade III gliomas and GBM.
Similar to the findings in studies in other cancers, 13,33-35 the loss of DNA MMR enzymes was associated with a high TML. This was especially the case when the expression was lost in more than one enzyme. This association was not as evident when high TML was associated with mutations within these enzymes, likely secondary to the mutations' inability to always alter functional activity or expression. Certain genetic mutations, such as MLH1, MSH2, MSH6, PIK3CA, and ATM, were associated with an increased TML in GBM but were not absolute indicators of a high TML. Mutations in both the MMR gene MLH1 32 and the kinase PIK3CA 32, 37 have previously been shown to be negative prognosticators for survival in GBM patients. When mutated, PIK3CA (phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha) stimulates a second messenger signaling pathway to promote cell proliferation and cancer formation in various cancer types including GBM. 32, [37] [38] [39] [40] PIK3CA mutations may play an indirect role in high TML, due to increased risk of genetic aberration with increased cellular proliferation. The DNA damage kinase ataxia telangiectasia mutated (ATM) is a tumor suppressor that responds to DNA double-strand breaks, and when mutated, it leads to GBM formation and progression. 41 Thus, it is not surprising that mutations in ATM could result in increased TML.
We found POLE genetic mutations in 2 of the glioma specimens (1 GBM and 1 glioma NOS). Mutations within the exonuclease domain of the POLE gene affect the DNA polymerase proofreading function, and such mutations are associated with an ultramutated phenotype in colon and endometrial cancers. 11, 42 A 2015 study published in NeuroOncology identified a unique molecular subgroup consisting of 4 high-grade glioma cases with ultramutated POLE mutations (3 GBMs and 1 anaplastic astrocytoma) out of a total of 55 cases from the Yale and TCGA databases. These 4 patients were statistically significantly younger (35.5 vs 58 y, P = .005) at the time of diagnosis and had longer progression-free survival (26.93 vs 6.93 mo, P = .03) than did the other 51 POLE wild-type primary high-grade glioma patients. 43 Similarly, in our study, the 2 patients with POLE mutations were young (7 and 15 y) (no survival data are available for these patients).
Another point to consider is which mutations are ideal or appropriate targets for the immune system. In a recent Science paper, McGranahan et al demonstrate that lung tumors with a low neoantigen subclonal fraction and high mutational load had durable clinical benefit to pembrolizumab, a PD-1 blockade therapy. However, chemotherapy-induced subclonal neoantigens (leading to increased TML) were found in poor responders to immune checkpoint blockade. 44 In our study among the high TML-expressing GBMs, 57% were newly diagnosed and 43% were recurrent. The recurrent GBMs with high TML may not theoretically respond to immune checkpoint blockade, given that radiation and chemotherapy may induce de novo subclonal mutations that do not elicit an effective antitumor immune response. Indeed, trunk mutations (evaluated in our study), which may have been present during the initial events of the cancer, may be superior immunological targets, but additional functional studies would be needed to ascertain this definitively. Unfortunately, and a limitation of our study, clinical information including survival for this dataset is not available and therefore it is not possible to ascertain Fig. 5 Subgroup analysis of IDH1 wild-type GBM. TML was compared between IDH1 wild-type (n = 182) and mutated (n = 16) GBM; 2.7% (5 of 182) of IDH1 wild-type cases and 12.5% (2 of 16) of mutated cases showed high TML (P = .1014) (A). Both PD-1 (B) and PD-L1 expression (C) were predominantly expressed in IDH1 wild-type cases and were not associated with high TML.
the association of mutational load with treatment regimens and outcomes.
It is highly unlikely that clinical responders to immune checkpoints will be identified by a single biomarker, especially given the complex biology of gliomas and the immunological cascade that must be triggered in an anti-tumor immune response. In addition, it is likely that these latest biomarkers will be superseded by those that account for the functional complexity of an effective immune-tumor interaction. In conclusion, our data indicate that on the basis of several potential biomarkers of response to immune checkpoints, only a small subset of glioma patients are likely to benefit from immune checkpoint inhibition.
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